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Abstract 
 
Anaerobic digestion is a waste treatment technology used to break down organic matter and 
further convert it to useful products for energy and soil amendment applications. This biological 
process is highly sensitive to environmental conditions and impurities that can have inhibitory 
effects on methane production. This study investigates the effects of colistin and streptomycin, 
two antibiotics commonly administered to livestock, on the digestion of cattle manure. Volumes 
and compositions of biogas were monitored for a one month period. Experimental data indicated 
that colistin is not inhibitory at concentrations up to 1 mg/L, and that streptomycin becomes 
inhibitory between 8 and 80 mg/L. Future work is required to determine more precisely the 
levels of inhibition for both antibiotics.  
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Introduction 
 
Anaerobic digestion is an efficient waste treatment technology that involves the breakdown and 
conversion of feedstock waste into commercially viable products. This process utilizes 
agricultural and industrial wastes as the feedstock. The resulting biogas and digestate products 
are capable of further conversion for energy and fertilizer purposes, respectively. The economic 
and environmental benefits associated with this technology make it attractive to scientists and 
engineers in the chemical and environmental industries. Future commercialization relies on 
further consideration of different reactor types and methods for feedstock preparation and 
analysis of the biogas and digestate products. 
 
An in-depth understanding of the biological processes that take place within the digestion system 
is imperative for future developments and process optimization. Anaerobic digestion is a 
biochemical process that utilizes microorganisms for the conversion of waste to its products. 
Therefore, the overall efficiency or yield can be highly sensitive to numerous factors. For 
example, environmental conditions such as pH, temperature, composition of environmental 
surroundings and different additives in the waste can lower biogas yield or cause failure in the 
system. Past and present research regarding these inhibitory effects serves to make the future for 
anaerobic digestion more attractive, both from an environmental and economic perspective. 
 
This study focuses on the use of agricultural waste, specifically cattle manure, as the feedstock 
for anaerobic digestion. Two different antibiotics typically detected in cattle manure, colistin and 
streptomycin, were tested for their inhibitory effects on the production of biomethane in the 
system. The overall research objectives for this experiment included the following: 
 
 Analyze slurry composition to determine: moisture content, ash content (inorganic 
carbon) and percent organic matter 
 Monitor the volume of biogas produced throughout the experiment 
 Analyze quality (composition) of carbon dioxide and methane from biogas produced 
 
A series of batch samples, with varying concentrations of each antibiotic, were prepared for the 
experiment. Data was collected on predetermined dates in order to monitor biogas volumes and 
composition, specifically the percentages of carbon dioxide and methane. These trends were 
interpreted to determine the inhibition effects at the different antibiotic concentrations.  
 
This report analyzes the data collected during the first 31 days of the experiment. Although these 
experiments will continue for several more weeks, the first month contains the most relevant data 
because it is the typical residence time in a digester. Biogas was collected over solution in order 
to determine the volume produced for each testing day. In addition, gas chromatography was 
used to help calculate the percentage of carbon dioxide and methane. The initial slurry was tested 
to determine the dry matter content and organic matter content. Continuation of this study will 
utilize the same analysis procedures for determining the composition of the digestate at the end 
of the experiment for additional comparison and conclusions. NIR was performed before 
digestion and the spectrum will be compared to the spectrum of the digestate to analyze any 
antibiotic degradation products.  
6 
 
Chapter 1: Background 
 
Anaerobic digestion (AD) refers to the biochemical process in which organic matter is broken 
down into smaller, simpler molecules in the absence of oxygen. This technology is an efficient 
process for biodegradable waste treatment. The biogas byproduct can be utilized for energy 
applications, such as heat and electricity. In addition, digestate can be further converted and sold 
for soil amendment applications, such as fertilizer. Although this makes anaerobic digestion 
economically feasible, it is not widely commercialized because the process needs 8-10 years to 
become profitable. A big advantage of anaerobic digestion is that the feedstock is a renewable 
source, resulting in a reduction in the demand for fossil fuels and issues that arise around 
greenhouse gas emissions. The process’s sensitivity to environmental conditions, such as pH, 
temperature and diversity of microorganisms involved in the biological process, is a big factor 
hindering its commercialization. For example, the microorganisms can have different 
physiology, growth kinetics, require different nutrients, or have different pH and temperature 
conditions that must be met for optimum efficiency. Therefore, it is important to consider these 
parameters when designing a system. Reactor stability depends on the delicate balance between 
acid and methane forming microorganisms. Inhibitory substances can disrupt this equilibrium 
and lead to decreases in the steady-state rate of methane gas production. Bacterial growth may be 
inhibited, or overall microbial population can be hindered. Two different types of inhibition can 
occur, affecting either the total amount of biogas produced or the overall composition and 
percentage of methane in the biogas. Since the different process mechanisms involved in 
anaerobic digestion are so complex, it is hard to control and characterize inhibition levels in the 
overall system (Monnet, 2003). 
  
1.1: Biological Process 
In anaerobic digestion, microorganisms digest organic feedstock to produce biogas and digestate. 
Biogas is mainly composed of methane and carbon dioxide, with trace amounts of ammonia and 
hydrogen sulfide in addition to other gases. The following subsections outline the reactional 
steps involved in anaerobic digestion. 
 
1.1.1: Hydrolysis 
In hydrolysis, fermentative bacteria depolymerize complex organic, cellulosic material. Other 
proteins are also broken down, such as lignins and lipids. The resulting soluble monomers 
include: glycerols and fatty acids, simple sugars and amino acids. This is the rate limiting step 
(Chen et al., 2014; Monnet, 2003). 
 
1.1.2: Acidogenesis 
In acidogenesis, the sugar and alcohol products from hydrolysis are further broken down into 
volatile fatty acids. Fermentative acidogenic bacteria make this conversion to organic acids such 
as acetic, butyric, propionic acid. Other alcohols and ketones, including ethanol, methanol, 
acetone and glycerol are also produced (Chen et al., 2014; Monnet, 2003).  
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DIGESTION 
GAS UPGRADING 
Removal of CO2 for energy enhancement, H2S and 
other halgenated hydrocarbons for corrosion control, 
and siloxane to prevent equipment damage. 
DIGESTATE TREATMENT 
Separation into: fiber, for soil conditioner, and 
liquor, for fertilizer. 
PRETREATMENT 
Removal of non-biodegradable materials to improve process efficiency and digestate quality. 
Hydrolysis: 
complex organic matter 
(cellulose)  fatty acids, amino 
acids, sugars, alcohols 
Acidogenesis: 
sugars + alcohols  
volatile fatty acids 
(VFAs) 
Acetogenesis: 
VFAs  CO2 + H2 + 
acetic acid 
Methanogenesis: 
CO2 + H2 + acetic 
acid  methane 
1.1.3: Acetogenesis 
Acetogenesis involves converting volatile fatty acids into carbon dioxide, hydrogen and acetic 
acid. Acetogenic bacteria are responsible for the conversion of fatty acids and alcohols into 
hydrogen, carbon dioxide and acetate (Chen et al., 2014; Monnet, 2003). 
 
1.1.4: Methanogenesis 
Methanogenesis involves the cleavage of acetic acid or the reduction of carbon dioxide via 
hydrogen. This is the key step in anaerobic digestion. Hydrogen is consumed to convert acetate 
into methane and carbon dioxide with the help of methanogenic microorganisms (Chen et al., 
2014; Monnet, 2003). Figure 1 shows the overall process involved with anaerobic digestion, 
complete with a summary of the digestion steps described above. 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
  
   
  
 
Figure 1: Anaerobic digestion process overview, including the reactional steps associated with digestion 
 
1.1.5: Feedstock 
 
A wide variety of industries produce wastes that have potential for anaerobic digestion. Suitable 
feedstocks include: food waste, sewage, industrial wastewater, pharmaceutical sludge and 
agricultural waste. Of particular interest to us is cattle manure. Typical values for slurries of 
dairy manure are 82% volatile solids, 18% fixed solids, chemical oxygen demand (COD) of 
75,000 mg/L and a pH of 7. A typical cheese whey used for anaerobic digestion contains 72% 
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volatile solids, 28% fixed solids, COD of 72,000 mg/L and a pH of 4.5 (Ghaly, 1996). 
Unwanted, potentially biogas inhibiting substances can include: straw, wood, soil, antibiotics and 
ammonia (Monnet, 2003). 
 
1.2: Process Conditions 
1.2.1: Temperature 
It is not technically difficult to establish high temperatures in the digester due to the large amount 
of microbial processes that take place. In addition, the biogas produced can be used to maintain 
the temperature of the reactor. However, it is economically expensive to maintain these high 
temperatures, especially when operating in colder climates and countries. Reactors are often 
partially buried underground, where the temperature is warmer. This allows for a reduction in the 
amount of heat lost from the system. Even so, it is more common to use the mesophilic (35°C) 
rather than thermophilic (55°C) temperature range since the mesophilic process is more widely 
understood. Less heat is required for the overall operation, making it stronger and more stable. 
The mesophilic temperature range can also accommodate a larger diversity of bacteria, which is 
required for an efficient anaerobic digestion process. Thermophilic conditions allow anaerobic 
digestion to occur at a faster rate, yielding higher methane production and better sterilization of 
the process via destruction of bacterial and viral pathogens in the system (Chen et al., 2008). 
However, it is more expensive due to its higher required energy input, leading to a need for 
increased operation and monitoring. Changes in temperature have big effects on microbial 
growth rates, as well as the concentration of inhibitory free ammonia. Therefore, increasing the 
process temperature has a positive effect on metabolic rate, but also increases toxicity since the 
free ammonia concentration also increases. 
 
1.2.2: pH 
The process pH plays an important role in anaerobic digestion. During the acidogenesis stage, 
the formation of acid products decreases the pH of the system. Since lower values of pH can 
inhibit the process, this parameter needs to be carefully monitored and adjusted. For example, pH 
effects the amount of free ammonia and hydrogen sulfide in the system, resulting in significant 
inhibition. Similarly, during methanogenesis, pH levels below 6.4 can be toxic to the bacteria. 
The pH range should generally remain between 6.4 and 7.2 for the entire anaerobic digestion 
process (Monnet, 2003). 
 
1.3: Inhibition 
1.3.1: Heavy Metals 
Heavy metals, such as chromium, cobalt, copper, zinc, cadmium and nickel, are not 
biodegradable. Since these elements are present on the periodic table, they are already in their 
simplest form and thus cannot break down any further. Heavy metal toxicity is correlated to a 
metal’s specific free ionic concentration, rather than the total metal concentration in the system. 
Free ions can accumulate in the digester to potentially high, toxic concentrations. This is one of 
the major causes of digester upset and failure. Heavy metals are required in anaerobic digestion, 
but only in small amounts so that they can be used for enzyme function. Excessive amounts can 
lead to inhibition or toxicity. Inhibitory values can range, depending on the specific heavy metal 
and environmental conditions. For example, Cu can become inhibitory between 70-400 mg/L, 
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200-600 mg/L for Zn and 10-2000 mg/L for Ni (Chen et al., 2014). Heavy metals can be 
inhibitory to acidogens, acetogens, methanogens and sulfide reducing bacteria (SRBs). 
 
Heavy metals also interact with enzymes, which serve as energy catalytic elements, resulting in 
structure and functional changes. For example, heavy metals can bind to amino acid or 
polypeptide pendant groups such as thiol on proteins or replace other, naturally occurring metals 
in enzyme prosthetic groups. Depending on the species and ratio of individual components, 
anaerobic digestion synergism (enhanced toxicity of one metal in presence of small amounts of 
another) or antagonism (one metal alleviating toxic effect of another) can be negatively affected. 
Some possible routes to mitigation include: precipitation via introduction of sulfide or sorption 
and chelation via organic and inorganic ligands (Chen et al., 2008; Chen et al., 2014). 
  
1.3.2: Ammonia 
Ammonia is produced during the biodegradation of nitrogenous matter, including proteins and 
urea. Protein-rich sources, such as animal manure, also have high concentrations of ammonia. 
Ammonia is of major concern for inhibition of anaerobic digestion because it can change 
intracellular pH. This leads to an increase in the energy required for cell maintenance and 
inhibition of specific enzyme reactions. Inorganic ammonia (total ammonia nitrogen, or TAN) is 
found in two main forms when present in aqueous solution: ammonium ion, NH4
+
 and free 
ammonia (FA), NH3. The latter, unionized form of nitrogen is the main cause of inhibition 
because it can permeate freely through bacterial membranes. Since it is hydrophobic, it can 
diffuse passively into the cell. This results in an intracellular proton imbalance and/or potassium 
ion, K
+
, deficiency. Methanogens are the least tolerant to free ammonia and thus are the most 
likely to experience growth inhibition. Free ammonia is an essential nutrient for anaerobic 
microorganisms and is beneficial at levels below 200 mg/L. However, levels above 700 mg/L at 
thermophilic temperatures and a pH of 7.9 can result in inhibitory increases in volatile fatty acid 
concentrations (Angelidaki et al., 1994). Another study, conducted by Nielsen and Angelidaki 
(2008), observed inhibition of cattle manure in the same temperature range to occur at 1200 
mg/L free ammonia for a pH of 7.6 (Rajagopal et al., 2013). 
 
Free ammonia is influenced by pH, temperature and TAN concentration. Increases in pH of the 
environment increases the toxicity because the unionized, NH3 form exceeds the ionized, NH4
+
 
concentration. Conversely, decreases in pH result in lower concentrations of free ammonia. This 
can occur when volatile fatty acids accumulate when the process experiences lack of stability. 
Since microorganisms, such as methanogens and acidogens, are sensitive to pH and operate best 
under optimal pH, pH control is very important to ensure reactor efficiency and prevent failure. 
Increasing pH from 7 to 8 under mesophilic conditions leads to an increase in free ammonia 
levels by about eight times (Hansen et al., 1998). This spike is even higher at thermophilic 
conditions, suggesting that temperature has a big influence on free ammonia dissociation. 
Reducing pH from 7.5 to 7.0 during thermophilic anaerobic digestion of cow manure increases 
methane production by 4 times (Zeeman et al., 1985). Anaerobic digestion of livestock waste 
releases high levels of ammonia, resulting in an increase in pH. This forms higher concentrations 
of FA and inhibits methanogenic microorganisms, thus yielding low methane production. 
Kayhanian (1999) reported the effects of temperature on free ammonia concentration at a 
constant pH. It was observed that free ammonia concentration at higher, thermophilic 
temperatures can reach levels six times higher than those under mesophilic conditions (Rajagopal 
et al., 2013). 
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Some methods of counteracting ammonia inhibition include: methanogenic adaptation to 
ammonia via slow exposure to increasing amounts of ammonia, removal of ammonia from the 
substrate, adding ionic exchangers to remove inhibitors, or using physical-chemical means such 
as air stripping or chemical precipitation. Other ways to reduce ammonia toxicity include pH and 
temperature control, digestion with substrates richer in carbon, or techniques that involve 
immobilizing microorganisms. Unfortunately, most counteracting methodologies can be 
economically unfeasible, or cause lower methane production amounts. None have proven to be 
successful for larger, farm scale processes (Rajagopal et al., 2013). 
 
1.3.3: Organics 
Organic compounds that are poorly soluble in water are likely to adsorb onto the solid surfaces 
of sludge material. Digester accumulation is a big problem for anaerobic digestion and is capable 
of escalating to the bacterial level. For example, apolar pollutants, such as hydrocarbons and 
other carbon-based compounds, can gather within bacterial membranes. This causes the bacteria 
to swell or leak. Ionic gradients are disrupted, which can cause cell lysis. In addition, the osmotic 
pressure, or pressure inside of the cell, can be changed. Parameters that affect the toxic level of 
organic compounds include: the overall concentration of the toxicant, biomass concentration, 
toxicant exposure time, cell age, feeding pattern, acclimation behavior and temperature of the 
environment. Toxicity can also increase with a decrease in polarity of the organic structure, or 
with increases in hydrophobic behavior. This can lead to enhanced accumulation in the bacterial 
membranes (Chen et al., 2008; Chen et al., 2014). 
 
Examples of these toxic organic compounds include: alkyl benzenes, halogenated benzenes, 
nitrobenzenes, phenol and alkyl phenols, halogenated phenols, nitrophenols, alkanes, 
halogenated aliphatics, alcohols, halogenated alcohols, aldehydes, ethers, ketones, acrylates, 
carboxylic acids, amines, nitriles, amides, pyridine and pyridine derivatives. Chlorophenols are 
phenol derivatives that contain chlorine group, including: dichlorophenol (DCP), trichlorophenol 
(TCP), tetrachlorophenol (TeCP), pentachlorophenol (PCP), etc. PCP has been shown to be the 
most toxic derivative, leading to inhibition of acidogens and methanogens. Chlorophenols 
interfere with the energy transduction of cells via inhibition of the protein gradient that exists 
across membranes in organisms. Halogenated aliphatics are strong inhibitors of the 
methanogenesis digestion step. Brominated aliphatics are often more inhibitory than their 
chlorinated analogs. However, chloroform has very toxic effects because it can form 
intermediates that are very reactive. N-substituted aromatics such as nitrobenzenes, nitrophenols, 
aminophenols and aromatic amines, can inhibit enzyme function through different chemical 
interactions such as interference with their metabolic pathways. Nitroanilines are the most toxic 
in this organic family because it is highly reactive. However, anaerobes can become acclimated 
to these aromatics in order to reduce their toxic effects. Long chain fatty acids, or LCFAs, are apt 
to adsorb onto the walls and membranes of different cells. This is inhibitory because the 
transport or protective function of the membrane is hindered. Other organic inhibitors include 
lignins and their related compounds. Derivatives with apolar substituents, particularly aldehyde 
groups, tend to be very toxic to methanogenic bacteria (Chen et al., 2008; Chen et al., 2014). 
 
1.3.4: Antibiotics 
Antibiotics are commonly administered to animals for health purposes or to enhance growth. 
Anywhere between 10 and 90 percent can be excreted, in its administrated form, in animal 
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manure. The concentrations of antibiotics found in manure are relatively small. For example, a 
high concentration of sulfamethazine in cattle manure would be around 235 mg/L (Mitchell et. 
al, 2013). However, even these low concentrations can pose environmental and human health 
risks if they are contained in animal waste. When manure is used for soil amendment 
applications in the environment, accumulation can become an issue. Micropollutants, such as 
antibiotics, accumulate because the fertilizers containing them are repeatedly applied to the land. 
Anaerobic digestion of animal manure is a potential solution for removing these antibiotics. 
However, antibiotics have the potential to inhibit the production of biomethane during the 
anaerobic digestion process. Additionally, further studies are necessary to determine if the 
degradation products of these antibiotics are harmful.  
 
This study investigates the inhibitory effects of two particular antibiotics, colistin and 
streptomycin. These have been previously detected in agricultural wastes at various farms, 
including la Bouzule, the source of manure for this study.  
 
1.3.4.1: Colistin 
Colistin is a member of the polypeptide class of antibiotics. Colistin sulphate is commonly found 
in pharmaceutical and industrial sludge, which are used as feedstocks for anaerobic digestion. 
Colistin has also been registered for use as an animal feed additives in some countries, such as 
China. It is used for growth promotion or for other treatment and preventative measures in food-
producing animals and livestock (Sarmah et al, 2006; Yin et al, 2015). Colistin is a sulphate 
mixture of polypeptide antibiotics which are active against gram-negative bacteria. This 
antibiotic is harmful to both humans and the environment. These adverse effects include: 
neurotoxicity, muscle damage, nephrotoxicity and thermoregulation (Yin et al, 2015).It also has 
high treatment and disposal fees. Therefore, the investigation of anaerobic digestion as a 
treatment method for pharmaceutical sludge is a worthwhile endeavor. It has been shown that 
colistin sulphate can be completely degraded in the anaerobic digestion process. At low 
inoculum (antibiotic injected for a specific purpose, such as to increase immunity to a particular 
disease) to sludge ratios (i.e. 0.65), it has been shown that some biogas inhibition takes place. 
However, higher inoculum to sludge ratios (i.e. 10.32) have been found to reduce the inhibitory 
effect (Yin et al., 2015). The structure for colistin is shown below, in Figure 2. 
 
 
Figure 2: Chemical structure for colistin 
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Figure 4: CSTR at JC-Biomethane, LLC 
1.3.4.2: Streptomycin 
Streptomycin is an aminoglycoside antibiotic. It is commonly used in veterinary medicine 
against gram-negative bacteria. A previous study on the effects of antibiotics on the digestion of 
anaerobic granular sludge from a wheat starch factory found that 35-40% inhibition occurred at 
streptomycin concentrations greater than 50 mg/L (Sanz et al., 1996). Figure 3 shows both the 
general structure for streptomycin (left), and streptomycin sulfate salt (right), the antibiotic used 
in this study. 
 
 
Figure 3: Chemical structures for streptomycin (left) and streptomycin sulfate salt (right) 
 
1.4: Types of Anaerobic Digestion Reactors 
 
1.4.1: Single Stage Reactors 
There are two processes that can be carried out in a single stage reactor: single stage low solid 
(SSLS) and single stage high solid (SSHS). These methods differ in the amount of liquid present. 
1.4.1.1: Single Stage Low Solid Process 
Single stage low solid, or the “wet process”, is the 
older of the two processes and is advantageous in 
the sense that it is technically simple. The high 
amount of liquid content, combined with the 
required pretreatment results in larger investment 
costs than those of SSHS. Water must be added to 
the waste, resulting in high water consumption 
and larger reactor volumes. Pretreatment is 
critical to remove contaminants that can damage 
the reactor. It also helps to prevent the settling of 
heavier components that can cause equipment 
damage. Continuously stirred tank reactors 
(CSTRs) are most common reactor used for SSLS 
processes. CSTRs are advantageous because they 
ensure that everything is well-mixed, but short-
circuiting, which is the movement of material 
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through the reactor with a shorter-than-expected retention time, is a common problem (Monnet, 
2003). Figure 4 shows an example of a CSTR being used for anaerobic digestion at JC-
Biomethane, LLC in the Pacific Northwest. The crane in the image is used to lift the top of the 
reactor in order to accommodate for the biogas being produced (Energy Trust of Oregon). 
Figures 5-7 show the anaerobic digester being used at Domaine expérimental de la Bouzule, 
located in Laneuvelotte, Lorraine, France. The digester is located on the right, and the post-
digester on the left. These reactors are buried underground to improve efficiency in maintaining 
higher reactor temperatures. The top of the reactors expand as more biogas is produced. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.4.1.2: Single Stage High Solid Process 
Single stage high solid, also known as the “dry process”, is a more recently developed process. 
In SSHS, the solid content is typically between 20 and 40 percent. This process is economically 
attractive because it produces more biogas than SSLS and does not require the dilution of waste. 
Therefore, smaller reactor volumes can be used and less pretreatment is required. Additionally, 
only very large impurities must be removed before digestion can occur. The main challenge 
associated with a high solid content is material handling. Conveyors and specially designed 
pumps must be used to move the material throughout the process. A plug-flow reactor (PFR) is 
used for SSHS due to the high viscosity of the feedstock. Since no mixing occurs in a PFR, 
short-circuiting is impossible (Monnet, 2003). 
 
Figure 5: Anaerobic digesters at la Bouzule 
Figure 6: Diagram of anaerobic digester system at la Bouzule Figure 7: Stirrers (in green) in digester and post-digester 
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1.4.2: Multi Stage Reactors 
Multi stage reactors are used to optimize each stage of anaerobic digestion. Using separate 
reactors for every steps allows for a higher degree of control and theoretically produces better 
results. Most often, only two reactors are used; one for hydrolysis/liquefaction-acetogenesis and 
one for methanogenesis. 
 
In multi stage anaerobic digestion, the second stage reactor can have a biomass retention scheme, 
which allows for high densities of methane formation. Biomass retention can be achieved 
through recirculation or attached growth. Attached growth is a fixed film reaction, where the 
microbes are attached to a stationary piece of the reactor. An Upflow Anaerobic Sludge Blanket 
(UASB) reactor is used to achieve biomass retention (Monnet, 2003). 
 
Analogous to single stage reactors, there are two processes used in multi-stage reactors: multi 
stage low solid (MSLS) and multi stage high solid (MSHS). The advantages and disadvantages 
of each of these processes are very similar to those of the SSLS and SSHS processes discussed 
earlier. 
 
The complexity and cost of multi stage systems does not always result in faster anaerobic 
digestion or higher yields of biogas. Multi stage reactors are currently less common than single 
stage reactors. They are used in cases where anaerobic digestion performance is unstable when a 
single stage reactor is utilized (Monnet, 2003). 
 
1.4.3: Batch Reactors 
There are three types of batch reactors: single stage, sequential system and hybrid batch UASB 
reactor. Batch reactors are often cheaper, simpler and more robust. Settling and compaction of 
waste is common in these tall reactors, which can become an environmental issue. Another 
disadvantage of batch reactors is their lower biogas yield (Monnet 2003). 
 
A single stage batch system is composed of a single reactor. The material at the bottom of the 
reactor, leachate, is recirculated to the top. This results in partial mixing of the system. A 
sequential system is made up of two or more reactors. The leachate is not recirculated, but is 
instead sent to the second reactor where methanogenesis occurs. The leachate from the second 
reactor is then returned back to the first reactor. This results in inoculation, or transfer, between 
both reactors. The batch UASB process is very similar to the multi stage UASB reactor, but here 
the first reactor in the process is a batch reactor. The batch UASB reactor maybe more accurately 
classified as a semi-batch reactor. This is because new feedstock is introduced at regular 
intervals, rather than continuously or not at all (Monnet 2003). 
 
1.5: Position of Anaerobic Digestion in Comparison with Other Energy Sources 
 
There are many aspects of anaerobic digestion which make it an attractive energy source. Most 
importantly, it is able to produce biogas which can be used as fuel for vehicles, boilers/heaters 
and fuel cells, while reducing greenhouse gas emissions. Anaerobic digestion is a renewable 
source of energy which can help reduce the demand for fossil fuels. Added benefits include its 
treatment of harmful toxins found in manure and production of an odorless fertilizer (Monnet, 
2003). 
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One of the major drawbacks to anaerobic digestion in comparison with other energy sources is 
its significant costs, both capital and operational. In addition to the equipment and processing 
costs required, transportation of waste to a treatment facility can be very costly. Plants must be 
ideally situated in order to minimize these costs, which can be difficult (Monnet, 2003). 
 
Figure 8 shows the primary energy production in the United States for October of 2014 (U.S. 
Energy Information Administration, 2015). The graph on the right signifies a breakdown of 
renewable energy production with respect to anaerobic digestion. Anaerobic digestion only 
accounts for 1-3% of the renewable energy sector (2% calculated for this graph) and therefore 
does not account for a high percentage of total energy production. However, there is a lot of 
potential for the future implementation of anaerobic digestion for use as a viable technology in 
cities where a significant amount farmland is available. 
 
 
 
Figure 8: Primary Energy Production by Source (Quadrillion Btu), October 2014 
 
1.6: Conversion of Biogas to Heat and Power 
 
One of the main products of anaerobic digestion, biogas, is composed of 60 percent methane. 
This methane can then be used to generate energy, specifically heat and/or electricity. JC-
Biomethane LLC, a biogas plant located in the Pacific Northwest of the United States, has been 
generating electricity from methane-rich biogas since the fall of 2013 (Energy Trust of Oregon). 
Figure 9 illustrates the overall process of converting biogas to energy, which will be explained 
below in more detail. 
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1.6.1: Biogas Upgrading 
Following anaerobic digestion, a crane is used to elevate an inflatable top on the continuously 
stirred tank reactor. This top serves as a storage tank for the biogas that is being produced during 
digestion. Biogas must then be upgraded to reach certain standards, such as cleanliness to 
maintain the safety and quality of distribution pipeline networks. Therefore, biogas is treated to 
remove carbon dioxide and water. Excess particulates and impurities are also cleaned out of the 
biogas, such as hydrogen sulfide which is corrosive to pipelines. This biogas upgrading process 
can be done in many ways, but the most common method is water washing. In water washing, 
trace elements of the biogas are scrubbed in a column. High pressure gas flows through the 
column with a counter-flow of water. Membrane separation is another effective method that is 
becoming more widely used (Petersson and Wellinger, 2009). 
 
1.6.2: Combined Heat and Power Engine 
The cleaned, upgraded biogas travels through 
underground pipes to the combined heat and power 
(CHP) engine. When the biogas is burned inside of 
the engine, the generator turns. This mechanical 
energy is converted into electrical energy. The 
electricity produced is distributed and wheeled to 
transmission lines where it is made available for 
energy companies to purchase. The heat produced in 
the CHP engine is redirected to the anaerobic digester 
to help with temperature maintenance. This 
circulation scheme is represented in Figure 10, taken 
at Bouzule in France. The blue pipes carry the cold 
water from the reactor to the engine for heating. The 
red pipes then carry this hot water back to the reactor, 
where it circulates for temperature maintenance. 
There is a future potential to sell excess heat to 
nearby areas such as homes or businesses. If 
compressed and concentrated, biogas can also be 
utilized as a source of transportation fuels such as 
vehicles and train systems (Energy Trust of Oregon). 
Figure 11 shows the full CHP engine system that is 
being used at la Bouzule in France. 
 
AD Reactor 
Biogas 
Upgrading 
CHP Engine 
Electricity 
Distribution 
Heat 
Figure 9: Conversion of biogas to energy 
Figure 10: Water recirculation pipes at la Bouzule 
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Figure 11: CHP engine at la Bouzule 
 
 
 
1.7: Simple and Scientific Models for Anaerobic Digestion 
 
Anaerobic digestion modelling can be very complex due to the various parameters that must be 
considered, namely: biological and physio-chemical factors, kinetics relating to bacterial growth 
and death, as well as substrate degradation and product formation resulting from bacterial growth 
and enzyme function. In the 1970s, mathematical modelling was developed in order to help 
create more efficient anaerobic digestion systems, with scientific modelling also being 
investigated since then. One example of their use includes prediction of system behaviors either 
via chemical reactions or microorganism growth rates. Simpler, software systems have been 
created for farmers in order to help them assess whether or not anaerobic digestion is an 
economically feasible option for their farm based on the amount of energy that can be produced 
and reduction in greenhouse gas emissions that would result from the implemented system 
(Kythreotou, 2014). 
 
Theoretical biogas yields, specifically methane and carbon dioxide yields, can be calculated if 
the chemical composition of the organic matter is known for a specific feedstock. In addition, 
methane energy value models have been developed to determine the methane yield from specific 
nutrient compositions for various energy crops, which utilizes regression models. Another area 
being investigated for modelling concerns reaction kinetics, or more specifically, bacteria growth 
based on: ambient conditions (pH, temperature, etc.), physiological conditions, substrate 
concentrations and gas-liquid equilibrium. Substrate degradation can also be calculated, using 
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product concentrations, pH values, substrate inhibition values, temperature, ionic equilibrium 
and gas-liquid equilibrium. Bacterial growth and substrate degradation kinetics can furthermore 
be utilized to calculate the kinetics of product formation. These complex scientific models are 
not particularly useful or of interest to nonscientists, or farmers who wish to implement 
anaerobic digestion technology onto their land. Therefore, more simple calculations have been 
developed for financial analysis as well as systems to determine greenhouse gas emission 
reduction and overall environmental impacts, for example (Kythreotou, 2014). 
 
Optimization and design of the anaerobic digestion process can be improved with scientific and 
mathematical modelling techniques. One of their disadvantages is the complexity and 
dependence on a variety of parameters such as environmental conditions and substrate 
specifications. Thus, it is hard to implement them on a larger scale. It is important to determine 
rate determining steps and fermentation products for different digester conditions, but it is 
difficult to model and improvements are necessary for many systems to input additional factors 
such as microorganism interactions (Kythreotou, 2014). 
  
19 
 
Chapter 2: Materials and Methods 
 
For each of the two antibiotics, streptomycin and colistin, three different concentrations were 
tested. The lowest of these was a theoretically estimated concentration that would be found in 
manure if the antibiotic was administered to 100% of the cattle on the farm. To determine if 
these antibiotics are inhibitory at even higher levels, concentrations of 10 and 100 times the 
theoretical “normal” value were tested. The livestock at la Bouzule had not been administered 
antibiotics prior to sample collection. No antibiotics were added to the control for this 
experiment. Each concentration of antibiotic (including the control) was prepared in triplicate in 
order to obtain averages for data analysis. Biogas volume and concentration data was collected 
every 1-3 days for a period of one month. 
 
2.1: Sample Feedstock  
2.1.1: Source of Sample 
 
Manure was taken from Domaine experimental de la Bouzule, operated by l’école nationale 
supérieure d’agronomie et des industries alimentaires (ENSAIA), part of Université de Lorraine, 
on January 20, 2015. La Bouzule is located in Laneuvelotte, Lorraine, France. Figure 12 below 
shows manure collection at la Bouzule. 
 
 
 
Figure 12: Collecting cattle manure at la Bouzule 
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2.1.1: Determination of Dry Matter Content 
An empty glass container was weighed on a scale and approximately 90 g of manure sample was 
subsequently added. Special attention ensured that the containers were not filled too high so as to 
prevent overflow upon heating. After recording the weights of the sample, the filled container 
was placed an oven at 105°C for four days to completely remove the moisture (Figure 13). At the 
end this period, the sample was once again weighed, which allowed for calculation of the 
percentage (by mass) of dry matter in the original sample used for the experiments described 
later. 
 
 
Figure 13: Slurry sample in oven 
 
2.1.2: Determination of Organic Matter Content 
The dried sample was then transferred to a porcelain container, since a glass container would be 
destroyed at the temperatures used in this test. The mass of the empty container and the sample 
added were recorded. The sample was then placed in a furnace (Nabertherm B150, Germany) at 
525°C for a period of two hours, during which the organic matter was combusted (Figure 14). 
Following this process, the ash sample (Figure 15) was once again weighed, allowing the 
calculation of the percentage of organic matter in the original sample. 
 
 
Figure 14: Dried sample in furnace 
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Figure 15: Ash sample after removal from furnace 
 
2.1.3: NIR Spectroscopy 
NIR analysis was used to detect the presence of antibiotic molecules in the manure before testing 
and will be compared to the digestate sample at the completion of this experiment. The purpose 
is to look for the possible transformation of these molecules via degradation during anaerobic 
digestion. Since the experiment will continue longer than the one month analyzed in this study, 
the initial spectrum will be compared to future spectra (after experiment completion). 
 
The NIR spectrometer (Antaris II FT-NIR Analyzer, Thermo Scientific, Figure 16) was turned 
on 1 hour before testing to allow the lamp to warm up. Since the molecular vibrations within a 
sample are dependent on temperature, it was important to determine the temperature of the 
manure being tested. A temperature probe was inserted into the sample and the value was 
recorded at 14.0°C. Once the NIR lamp was warm, the gun was removed to take a reading of the 
air. This provided a baseline for comparison with the manure sample. When ready to continue, 
the gun was inserted into the sample and the trigger was pressed to start the test. Once complete, 
spectroscopy graphs were available for viewing and saved for future analysis. 
 
 
Figure 16: NIR spectrometer 
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2.2: Preparation of Batch Samples 
 
2.2.1: Preparation of Buffer Solution 
The following section describes the preparation of a 10L buffer solution with a pH of 7. The 
buffer was used to maintain the sample at the optimum pH for bacterial activity. The following 
chemical compounds were required for this task: 
  
1. 5000 mL of 0.1M potassium dihydrogen phosphate (KH2PO4) 
2. 2910 mL of 0.1M sodium hydroxide (NaOH) 
3. 2090 mL deionized (DI) water 
 
Powdered KH2PO4 (E. Merck, Darmstadt, Germany) was 
used to prepare the 0.1M potassium dihydrogen phosphate 
component of the buffer solution. The concentration was 
13.609 g/L. Therefore, for the required 5L of KH2PO4, 
68.045 grams were weighed out. This was then transferred 
to a 1L graduated flask. A small amount of DI water was 
used to dissolve the KH2PO4. Once shaken and dissolved, 
the flask was filled to the 1L mark. After pouring this 
solution into a larger glass bottle (Figure 17), an additional 
4L of DI water was added to reach the required 5L 
solution of KH2PO4. 
 
A 10M concentrated solution of NaOH (Fisher Scientific 
UK Ltd, Loughborough, England) was used to prepare the 
sodium hydroxide solution. A 100 mL vial was opened 
into a 1L flask and filled with DI water to create a 0.1M 
solution. Since this buffer solution required 0.1 mL of 
NaOH, 291 mL of the 1M solution was mixed with 2910 
mL of DI water. Thus, 291 mL of the 1M solution was 
diluted into 1L flask and transferred to the large glass 
bottle. The remaining 1910 mL of DI water was then 
added in order to reach the desired 2910 mL of 0.1M NaOH 
solution. 
 
To finish the buffer solution preparation, 2090 mL of DI water was added to the large glass 
bottle. This resulted in the completed 10L buffer solution with a pH of 7. 
 
2.2.2: Day 0: Start of Digestion 
For this experiment, 21 samples were prepared to test the effects of two antibiotics, streptomycin 
(streptomycin sulfate salt, Sigma-Aldrich, St. Louis, Missouri) and colistin (colistin sodium 
methanesulfonat, St. Louis, Missouri), on the inhibition of biomethane production. Three 
different concentrations were prepared for each antibiotic, with three trials at each concentration 
and a set of three control samples. Each bottle contained the following: 
 
 
 
Figure 17: Large bottle for buffer solution 
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1. 100 grams of cattle manure 
2. 400 mL of buffer solution 
3. One of two antibiotics in specific concentration value (or none, if control) 
 
First, the slurry was thawed to room temperature. Then, the manure was transferred from its 
original container to the batch sample bottles. The bottle was placed onto a scale, with a funnel 
on top of the bottle, and then zeroed. Manure was poured into the funnel until the scale read out 
100 grams. Buffer solution was then poured through the funnel to help the manure pass into the 
bottle. 100 mL of the buffer solution was used for this step. 200 mL of buffer solution was then 
measured out and added to the manure in the sample bottle, leaving the remaining 100 mL of 
required buffer solution to be used for issuing the antibiotics. 
 
Table 1 summarizes the two types of antibiotics and the three concentrations for each antibiotic. 
Three bottles each received the same amount of the same antibiotic, for a total of 18 bottles 
containing a specific amount of antibiotic. Three additional bottles did not receive an antibiotic 
and therefore served as a control. This resulted in 21 sample bottles. A labelling system was 
utilized to keep track of the different samples. “C” is used to identify those containing colistin, 
“S” for streptomycin and “X” to identify the control group. Furthermore, “1” was used to 
identify the lowest antibiotic concentration for each group, with “2” and “3” marking the next 
highest and highest concentration, respectively. Greek letters “α,” “β” and “γ” signify the three 
separate trials for each antibiotic concentration. 
 
Table 1: Antibiotic Concentrations and Labelling System 
Label Antibiotic 
Concentration 
[mg/L] 
Required 
Mass [mg] 
Actual 
Mass [mg] 
% Error 
Xα None 0 0 0 0 
Xβ None 0 0 0 0 
Xγ None 0 0 0 0 
C1α Colistin 0.01 0.005 0.006 20 
C1β Colistin 0.01 0.005 0.006 20 
C1γ Colistin 0.01 0.005 0.005 0 
C2α Colistin 0.1 0.05 0.051 2 
C2β Colistin 0.1 0.05 0.05 0 
C2γ Colistin 0.1 0.05 0.05 0 
C3α Colistin 1 0.5 0.499 0.2 
C3β Colistin 1 0.5 0.497 0.6 
C3γ Colistin 1 0.5 0.498 0.4 
S1α Streptomycin 0.8 0.4 0.401 0.25 
S1β Streptomycin 0.8 0.4 0.4 0 
S1γ Streptomycin 0.8 0.4 0.398 0.5 
S2α Streptomycin 8 4 3.997 0.075 
S2β Streptomycin 8 4 4.004 0.1 
S2γ Streptomycin 8 4 3.999 0.025 
S3α Streptomycin 80 40 39.997 0.0075 
S3β Streptomycin 80 40 39.999 0.0025 
S3γ Streptomycin 80 40 40.002 0.005 
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Prior to their usage, the antibiotics were refrigerated. Antibiotics were weighed out with a 
milligram scale. Each antibiotic amount was weighed in aluminum foil, which was then 
transferred to the specific, labelled sample bottles. The remaining 100 mL of buffer solution was 
used to flush the antibiotic into the sample. Each bottle was then introduced with nitrogen from 
the nitrogen gas tank. Bottles bubbled with nitrogen for about 15 minutes. Then, the samples 
were capped and set into the thermostat cabinet at 37°C. This temperature is in the range at 
which mesophilic digestion occurs. Figure 18 shows the prepared samples. 
 
 
Figure 18: Fully prepared sample bottles in the thermostat cabinet 
 
2.4: Volume of Biogas Production 
 
The biogas produced was collected and measured on days 3, 4, 5, 6, 7, 10, 12, 14, 18, 19, 21, 24, 
26, 28 and 31 following the start of the experiment (day 0). 
 
The biogas was collected over an aqueous solution of HCl with a pH of approximately 4. Since 
CO2 dissolves readily in water at a pH of 7, a low pH solution was used to prevent CO2 from 
dissolving into the liquid during collection. This ensured that all of the gas being produced was 
also being measured. This dilute solution was created by pipetting 82.5 μL of concentrated HCl 
(34-37%, Fisher Scientific UK Ltd, Loughborough, England) into a small quantity of DI water. 
DI water was then added to reach a total volume of 1L. 
 
To measure the volume of biogas production, a 250 mL graduated cylinder was filled to a 
graduated level with the dilute HCl solution. The remainder was added to a bowl and the 
cylinder was then inverted into the bowl. The starting level of HCl solution in the cylinder was 
recorded. The sample was swirled lightly to release trapped bubbles of biogas in the slurry. One 
end of a rubber hose was placed inside the cylinder. The other end, fitted with a needle, was 
inserted through the rubber septum at the top of the sample bottle. Due to the pressure difference 
between the sample bottle and the graduated cylinder, the amount of biogas naturally produced 
was able to escape the bottle. Therefore, the biogas was collected over the HCl solution into the 
inverted graduated cylinder (Figure 19). Once equilibrium had been reached, the rubber hose was 
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removed (first from the sample and then from the cylinder) and the final level of HCl solution in 
the cylinder was recorded. The volume of biogas produced was then calculated as the difference 
between the initial and final levels of HCl solution in the cylinder. 
 
This process was repeated for each of the 21 samples on each day of testing to obtain the discrete 
quantity of biogas produced since the last test day. Cumulative quantities were calculated by 
adding the discrete quantities from each of the previous test periods. 
 
 
Figure 19: Set up for taking biogas volumes data 
2.5: Gas Chromatography 
On each day of testing, directly following the volume measurements, the composition of the 
biogas was analyzed using a gas chromatograph (Varian 430-GC, Varian, Inc., Palo Alto, 
California). The Chromatography Workstation software was used to analyze the biogas samples. 
Figure 20 shows the complete gas chromatography set up in the laboratory. 
 
 
 
Figure 20: Gas chromatography set up in the laboratory 
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The needle of a 1 mL syringe was slowly inserted through the rubber septum of the sample 
bottles. The syringe was flushed once to ensure that no outside air would be inside of the gas 
sample. 1 mL of the gas was then collected before removing the needle from the septum. After 
removing the needle, the gas sample was then injected into the chromatograph for analysis. After 
each 7.5 minute run time, the next sample was collected and injected into the gas chromatograph. 
This process was repeated 21 times, one for each batch sample. 
 
All gas chromatograph peaks and values for the area under each curve were analyzed. The values 
for N2, H2, CH4 and CO2 areas were recorded into the data spreadsheet. Calibration curves, 
specifically used for this method of gas chromatography analysis, were provided in order to 
calculate the actual percentages of carbon dioxide and methane in the biogas (Appendix A). 
Average percentages for each specific antibiotic and concentration (C1, C2, C3, S1, S2, S3 and 
control X) were calculated. These values were then plotted in excel to detect overall data trends. 
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Chapter 3: Results and Discussion 
3.1: Analysis of Slurry Composition 
 
Through dry matter content and organic matter content analysis, the slurry was determined to 
contain 10.5% dry matter, 75.2% of which was organic matter. From this, it can be calculated 
that the slurry taken from the farm contained 8.3% organic matter. These calculations can be 
found in Appendix B. 
 
The intent is to perform these tests once again on the digestate at the end of the experiment. The 
results will be compared with those from the raw slurry to aid in analysis of the digestion 
process. 
3.2: Volume of Biogas Production 
 
Table 2 summarizes the volumes of biogas produced on each day of testing. Complete data can 
be found in Appendix C. Values listed were normalized by dividing the volume produced by the 
number of days since the last data point was taken. This normalization technique assumes that 
biogas production was linear between data points. Data from each set of three bottles with the 
same antibiotic concentrations were averaged. Additionally, since tests were not performed on a 
daily basis, the data was normalized by dividing the volume produced by the number of days 
since the last measurements were taken. This normalization assumes that biogas production was 
linear from one measurement to the next, but allows direct comparison between each of the data 
points. 
 
Table 2: Average Discrete Volumes of Biogas Produced at Each Time Interval 
Time [d] X C1 C2 C3 S1 S2 S3 
0 0 0 0 0 0 0 0 
3 63 66 64 65 49 51 40 
4 70 66 65 65 79 71 92 
5 55 55 52 45 55 51 82 
6 32 37 33 52 41 37 57 
7 25 34 25 32 34 38 55 
10 16 18 21 20 18 17 11 
12 16 19 18 20 20 18 18 
14 17 16 16 18 14 16 11 
18 21 10 20 15 15 20 2 
19 53 22 47 39 40 57 5 
21 50 39 53 51 48 66 9 
24 44 69 77 87 63 77 13 
26 61 126 115 101 106 103 32 
28 93 103 98 81 94 104 110 
31 46 43 48 43 51 56 98 
 
For all of the samples, biogas production was very rapid for the first 5 days. However, from 
around day 5 to day 8, production dropped dramatically until around day 18. During this period, 
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production rapidly increased to its highest level. By day 28, production in all of the samples 
began to decrease once more. The only exception to this trend was found in the samples 
containing the highest concentration of streptomycin (S3). After day 14, the behavior of these 
samples departed from the behavior of the others, in the form of a delay. It was not until 24 that a 
significant increase in biogas production was observed, and did not begin to decrease again until 
around day 31. Graphical representations and interpretations of this data are discussed in the 
following sections. 
 
3.2.1: Colistin 
The colistin and control data tabulated above is shown graphically in Figure 21 below. Directly 
following is a plot of the cumulative amount of biogas produced for each colistin concentration 
and the control (Figure 22). The data points in this plot were obtained by adding the volume 
produced on a given day to the volumes produced on each of the preceding days. From both 
plots, it is apparent that the samples containing colistin behaved almost identically to the control 
samples. The bacteria likely consumed all of the easily-digestible organic material between days 
0 and 8. By day 18, they were able to adapt to consume the less easily-digestible material. 
Finally, around day 28, the bacteria began to run out or organic material to digest, and the 
process began to come to an end. However, biogas production had not ceased, and the 
experiment will continue until that point. 
 
It is interesting to note that the control produced slightly less gas than the samples containing 
colistin after day 20, however, no confident explanation can be offered for this difference. Since 
the difference is not very significant, it may simply be due to the bacteria in the control samples 
were not quite as strong as those in the colistin samples. At that time, the sample with the lowest 
level of colistin began to produce slightly less biogas (both discretely and cumulatively) than the 
control and other colistin samples. The same phenomenon was observed in the streptomycin 
data, and a potential explanation is provided later. 
 
From the closely matching data, it can be concluded that colistin was not shown have any 
inhibitory effects in this study, at least in terms of quantity of gas produced. Further studies will 
be needed to determine if colistin is inhibitory at higher concentrations (i.e., greater than 1 
mg/L), however it is unlikely that concentrations higher than this would be detected in cattle 
manure. 
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Figure 21: Discrete volumes of biogas produced for colistin samples 
 
Figure 22: Cumulative volumes of biogas produced for colistin samples 
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3.2.2: Streptomycin 
As previously shown for colistin, the discrete and cumulative biogas production volumes for the 
streptomycin and control samples are presented in Figures 23 and 24 below. The general trends 
remain the same as those observed for colistin, indicating that the bacteria first consumed the 
easily-digestible organic material (days 0 to 8), experienced a period of adaptation (days 8 to 18) 
and finally consumed the less easily-digestible material (days 8 to 31). 
 
In this case however, the data for the highest concentration of streptomycin is significantly 
different than that of the lower concentrations and the control. It is likely that the bacteria had a 
more difficult time adjusting to the presence of such a large quantity of antibiotic. It was not until 
day 24 that biogas production began to increase rapidly once again. Although the S3 samples 
were beginning to catch up in cumulative gas production by day 31, it had certainly not done so 
by day 30. This is important to note because the typical residence time of digestate in a reactor is 
one month. Therefore, it can be concluded that, from a quantitative standpoint, streptomycin was 
proven to have inhibitory effects on the digestion of cattle manure in this study. The 
concentration at which streptomycin becomes inhibitory is somewhere between 8 and 80 mg/L. 
Further studies should be undertaken to more accurately locate the level at which streptomycin 
becomes inhibitory. 
 
Once again, the samples containing sub-inhibitory levels antibiotics (S1 and S2, but not S3) 
produced slightly more gas than the control samples. One explanation is that the bacteria sensed 
the low levels of antibiotic, causing them to become uncomfortable and work harder to produce 
more biogas in a shorter period of time. It is possible that sub-inhibitory levels of antibiotic cause 
increased productivity in biogas production, though more in-depth studies would be required to 
investigate this phenomenon. Another explanation is that the control samples simply contained 
slightly lower-than average producing bacteria, given the similarities between production of all 
of the non-inhibitory antibiotic samples (C1, C2, C3, S1 and S2). Again, repeating these 
experiments more times might help to alleviate statistical error. 
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Figure 23: Discrete volumes of biogas produced for streptomycin samples 
 
 
Figure 24: Cumulative volumes of biogas produced for streptomycin samples 
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3.3: Gas Chromatography 
 
Table 3 shows the average methane and carbon dioxide gas percentages for each antibiotic and 
concentration for all 14 days of testing. The raw data can be found in Appendix D. This data was 
plotted to further understand the effects of each antibiotic and concentration on the levels of gas 
(Figures 25-32). 
 
Table 3: Average Percentages of Methane and Carbon Dioxide from Gas Chromatography 
 
3.2.1: Colistin 
 
Figures 25-28 show the carbon dioxide and methane gas percentages for the control, X, and 
colistin samples for each composition (C1, C2, C3). The control is provided for comparison 
 
Time 
[d] 
X C1 C2 C3 S1 S2 S3 
CH4 CO2 CH4 CO2 CH4 CO2 CH4 CO2 CH4 CO2 CH4 CO2 CH4 CO2 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3 11.6 6.2 11.7 12.4 11.6 13.6 10.5 6.1 9.3 8.2 5.9 7.6 9.0 6.1 
4 14.6 21.4 14.3 22.9 13.4 21.9 13.7 20.1 12.1 19.9 13.1 20.7 14.8 18.5 
5 14.5 23.5 15.6 27.7 13.3 23.5 15.6 25.3 13.8 25.3 12.6 22.3 18.7 24.2 
6 14.9 26.1 14.3 26.9 14.4 26.9 12.4 20.9 13.5 26.1 16.2 29.4 21.5 29.3 
7 5.6 7.3 10.8 18.5 13.9 26.3 14.6 26.2 10.9 22.0 10.9 18.2 10.6 13.1 
10 14.8 26.2 16.7 32.6 13.5 26.4 13.5 21.0 15.3 30.6 12.5 24.5 19.5 29.0 
12 11.3 18.4 11.3 21.4 12.1 23.1 15.5 26.5 13.0 24.8 11.8 22.1 12.7 17.6 
14 18.0 29.7 14.8 28.1 13.7 24.0 13.6 23.0 15.4 28.5 15.1 27.2 13.2 20.5 
18 39.2 45.3 27.2 44.9 33.0 45.1 34.0 45.3 31.1 46.4 33.6 43.0 30.4 47.1 
19 41.4 43.4 28.0 44.2 30.2 37.9 32.7 40.9 33.5 45.6 33.7 39.2 27.1 41.7 
21 31.2 29.9 35.3 43.7 42.7 42.5 41.5 39.6 37.4 41.0 34.5 28.5 24.8 38.3 
24 44.6 28.6 38.7 31.2 45.0 32.0 40.6 26.2 38.9 28.8 56.4 33.7 22.2 32.5 
26 53.6 29.6 50.1 28.0 61.7 32.6 32.4 16.9 52.6 29.4 51.8 26.3 28.9 34.9 
28 60.5 26.7 58.4 25.9 58.7 24.3 48.2 16.1 35.1 13.5 51.3 21.5 31.2 23.0 
31 46.3 16.9 23.2 5.0 65.3 28.1 37.3 11.4 38.4 14.8 52.8 21.3 37.4 14.6 
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Figure 25: Carbon dioxide and methane gas percentages for control 
 
 
Figure 26: Carbon dioxide and methane gas percentages for 0.01 mg/L colistin 
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Figure 27: Carbon dioxide and methane gas percentages for 0.1 mg/L colistin 
 
Figure 28: Carbon dioxide and methane gas percentages for 1 mg/L colistin 
 
As can be seen in the figures above, there is a crossover between carbon dioxide and methane 
percentages around day 20. In the beginning of this experiment, carbon dioxide was the 
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concentration of colistin, followed by 0.1 mg/L and lastly 0.01 mg/L. Biological activity 
accounts for the increase in methane over time. The initial increase in methane occurs because of 
the bacteria’s adaptation to the presence of the antibiotic. The decrease in methane after the 
crossover results from a lack of remaining digestible organic matter at the end of the process. 
However, the 0.1 mg/L of colistin (Figure 27) did not experience the same decrease in methane 
formation as the control and other concentrations of colistin. This is related to the biology in the 
reactor. For example, the bacteria in that sample set may have been stronger and more efficient 
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higher level for this colistin concentration. All of the colistin concentrations show the same 
general trend, indicating that the bacteria behaved in the same way at each concentration. 
Therefore, it can be concluded that there was no significant impact of colistin on the composition 
of biogas produced. 
 
3.2.2: Streptomycin 
 
Figures 29-32 show the carbon dioxide and methane gas percentages for the control, X, and 
streptomycin samples for each composition (S1, S2, S3). Again, the control is provided for 
comparison. 
 
 
Figure 29: Carbon dioxide and methane gas percentages for control 
 
 
Figure 30: Carbon dioxide and methane gas percentages for 0.8 mg/L streptomycin 
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Figure 31: Carbon dioxide and methane gas percentages for 8 mg/L streptomycin 
 
 
Figure 32: Carbon dioxide and methane gas percentages for 80 mg/L streptomycin 
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concluded that this concentration of streptomycin does cause inhibition. 
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3.3: Sources of Error 
 
There were several important sources of error encountered in this experiment. First, there is 
always an inherent error associated with any measured quantities. Of particular concern was the 
addition of antibiotics to the sample bottles. The scale used to weigh the antibiotics was only 
accurate to one-thousandth of a milligram, which presented a problem for measuring the smallest 
antibiotic quantity, 0.005 mg of colistin. Even in the case that the highly sensitive scale read 
exactly 0.005 mg (which was very difficult to obtain), the actual value might have been 
anywhere between 0.0045 and 0.0054 mg—an error greater than the acceptable value of 5%. 
Furthermore, this minute amount was almost too small to see and it is likely that some may have 
stuck to the foil which was used to weight it. 
 
In future experiments involving such small antibiotic concentrations, it is recommended to mix a 
solution of higher concentration (requiring a more easily-measured quantity), followed by the 
necessary dilution to obtain. Although this source of error may seem significant, it should be 
noted that the masses of all other antibiotics were much larger, resulting in much less error 
(fractions of a percent). Considering this and the large differences in concentration (each a 
magnitude of 10 apart), this measurement error should not have been significant enough to effect 
any of the observed trends. 
 
In monitoring the biogas production of the samples, the only observable source of error was in 
reading the volume of gas collected in the graduated cylinder. However, this error was almost 
negligible in comparison with the quantities produced. This quantity (± 2 mL) would have been 
indicated by error bars on the biogas production graphs, however, they would be too small to see. 
 
For gas chromatography, there is error involved with the needle used for injection. Careful 
attention was used to inject 1 mL of biogas, but the measurement will not be exact for each of the 
21 samples for every day of testing due to both human error and error involved with the 
graduations on the needle. The needle used for this experiment has 0.01 mL graduations. 
Bending of the needle could also add error, since tiny holes could cause biogas to leak out. 
Another common source of error associated with gas chromatography is the speed and technique 
of injection. It is impossible to repeat this in exactly the same manner each time.  
 
Calibration curves were used to account for the error of the chromatography machine when 
calculating the percentages of gas compositions. These percentage calibrations utilized the data 
given in the chromatography program for the area under the curves. It may be beneficial to 
update calibration curves periodically for future experiments. 
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Chapter 4: Conclusions and Recommendations 
 
The results presented above indicate that colistin is not inhibitory to the anaerobic digestion of 
cattle manure in concentrations up to 1 mg/L. From a quantitative perspective, there was no 
significant variance between the colistin-containing and control samples in either cumulative or 
discrete biogas production. Gas chromatography data also indicated no significant difference 
between the qualities, based on methane percentage, of biogas produced in these samples. In 
contrast, streptomycin demonstrated inhibitory effects at a concentration of 80 mg/L, indicating 
that this antibiotic becomes inhibitory at some level between 8 and 80 mg/L. Samples containing 
80 mg/L took more time to acclimate to the presence of the antibiotic, indicating inhibitory 
effects. In addition, the cumulative amount of biogas and percentage of methane produced in the 
31-day period was noticeably lower than the other concentrations of streptomycin and the 
control. Further investigations utilizing colistin at concentrations above 1 g/mL and streptomycin 
between 8 and 80 mg/L will be required to more accurately determine at what point these 
antibiotics become inhibitory. Although concentrations this high are not likely to be encountered 
in cattle manure, it is possible that they might be encountered in other forms of industrial waste.  
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Appendix A: Gas Chromatography Calibration Curves 
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Appendix B: Dry and Organic Matter Calculations 
 
DRY MATTER CONTENT Trial 1 Trial 2 
Temperature [°C] 105 60 
Min. Time [h] 24 72 
Actual Time [h] 95.5 95.5 
Container Mass [g] 82.92 79.81 
Initial Mass [g] 89.46 87.19 
Container + Final Mass [g] 92.75 88.54 
Final Mass [g] 9.83 8.73 
% Dry Matter 10.99 10.01 
Average % Dry Matter 10.50 
   ORGANIC MATTER CONTENT Trial 1 Trial 2 
Temperature [°C] 525   
Time [h] 2   
Container mass [g] 131.414   
Container + Initial Mass [g] 140.737   
Initial Mass [g] 9.323   
Container + Final Mass [g] 133.3418   
Final Mass [g] 1.9278   
Organic Mass [g] 7.3952   
% Organic in Dry 75.23   
% Organic in Slurry 8.27   
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Appendix C: Biogas Volume Raw Data 
 
Time 
[d] 
Volume Produced [mL] 
Xα Xβ Xγ C1α C1β C1γ C2α C2β C2γ C3α C3β C3γ S1α S1β S1γ S2α S2β S2γ S3α S3β S3γ 
0.00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3.17 180 200 186 209 207 182 182 209 187 203 183 196 147 151 142 148 147 168 56 156 145 
4.00 71 78 61 63 52 83 69 62 64 64 66 66 74 76 87 56 78 78 90 89 97 
4.96 53 57 55 53 47 66 50 44 61 38 46 51 59 39 66 41 59 53 100 69 76 
5.96 31 16 49 33 34 43 40 28 32 53 48 54 46 37 41 33 38 39 80 50 41 
6.96 37 20 18 49 18 36 28 18 29 30 33 34 38 31 34 47 36 30 61 56 48 
9.96 45 45 56 53 49 56 69 61 59 49 74 58 44 56 61 48 62 40 12 46 45 
11.96 38 22 37 31 45 38 37 35 34 50 33 35 43 40 35 43 41 23 46 39 25 
13.96 32 25 46 37 35 24 27 48 19 33 21 53 21 31 33 31 33 32 9 29 30 
17.96 30 72 150 29 57 31 46 156 37 45 28 110 12 138 34 136 38 62 0 11 13 
18.96 7 46 106 12 46 7 24 114 2 26 8 83 7 93 19 98 17 56 2 10 3 
20.96 30 107 164 55 155 21 87 201 30 75 53 176 33 202 53 197 58 138 8 30 15 
23.96 93 104 200 172 276 174 278 284 132 258 216 308 85 252 233 294 228 168 38 56 27 
25.96 184 52 132 234 203 316 248 192 247 212 180 211 132 189 314 214 225 181 78 112 4 
28.00 361 76 121 186 217 214 199 186 204 174 165 144 191 181 192 157 247 217 244 371 43 
31.13 258 99 54 61 247 78 144 205 82 134 144 112 73 232 151 142 232 129 241 339 298 
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Appendix F: Gas Chromatography Raw Data 
 
Time 
[d] 
Gas Chromatography Integrated Peaks (X)  
Xα Xβ Xγ 
H2 N2 CH4 CO2 H2 N2 CH4 CO2 H2 N2 CH4 CO2 
3.17 430 50098 13277 553 532 49249 16966 8879 399 50090 14301 563 
4.00 248 42645 16968 11626 238 43505 19977 11332 239 42292 19197 11590 
4.96 125 30951 15404 11182 179 41177 19506 12497 176 34740 20509 14228 
5.96 105 36708 19220 15179 181 35181 20203 13779 147 29344 17627 13223 
6.96 0 5963 3683 422 155 22300 15444 11334 0 3829 2174 0 
9.96 0 14930 11226 9074 255 30038 19984 14774 167 28238 25550 18466 
11.96 0 21112 15901 13209 0 5748 5507 518 148 25352 21889 15962 
13.96 104 32238 14816 12187 2344 31526 29448 19692 111 24755 24727 16001 
17.96 395 30430 30961 23257 135 26130 44265 24214 126 22250 75258 25650 
18.96 128 29592 30121 22238 116 23892 48958 24218 108 16394 79698 23633 
20.96 0 26081 31067 21657 0 22276 59839 20439 336 4541 28862 6201 
23.96 0 18914 32250 17841 0 13393 53288 13149 0 11764 85659 15107 
25.96 0 13220 53385 18759 0 10164 69297 14919 103 11622 82990 14045 
28.00 0 6387 61601 13465 0 5284 70259 13421 0 9822 100281 16196 
31.13 324 1646 16366 468 0 7913 79442 13149 0 3770 81794 13607 
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Time 
[d] 
Gas Chromatography Integrated Peaks (C1) 
C1α C1β C1γ 
H2 N2 CH4 CO2 H2 N2 CH4 CO2 H2 N2 CH4 CO2 
3.17 326 48179 15270 10489 372 48484 14885 8901 395 50097 14609 600 
4.00 438 41339 18305 12786 202 41773 17501 11617 236 42215 19005 12567 
4.96 217 36117 19349 15032 135 38754 18569 13642 134 36196 21940 16002 
5.96 142 32204 20927 17083 141 31322 19025 14683 0 26671 14718 11597 
6.96 129 26346 17306 14201 333 16703 5508 584 149 34475 18470 15004 
9.96 115 27266 20834 17543 121 28855 21712 17514 0 27849 21376 17627 
11.96 0 16810 17197 14026 0 16855 15459 12250 121 11461 10670 8246 
13.96 0 19678 20806 16760 0 19776 17104 12969 0 19651 18652 15651 
17.96 0 26842 35212 25630 142 39528 34822 19973 119 29298 34202 26903 
18.96 0 24171 34403 24541 0 26292 40801 21168 157 27971 32348 25707 
20.96 159 25752 38703 23061 117 17864 63649 22122 104 27066 33136 25296 
23.96 0 15416 40919 15894 0 14370 65932 15732 0 27604 41724 18659 
25.96 0 14581 54053 14813 204 11032 52246 10462 0 8606 86036 19872 
28.00 0 7154 97152 18637 0 9736 62246 10961 0 10204 64483 12172 
31.13 0 7106 38807 7136 0 3142 36856 475 0 1171 13508 511 
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Time 
[d] 
Gas Chromatography Integrated Peaks (C2) 
C2α C2β C2γ 
H2 N2 CH4 CO2 H2 N2 CH4 CO2 H2 N2 CH4 CO2 
3.17 274 41276 16165 13670 607 48114 13703 7741 395 50097 14609 600 
4.00 161 38583 18940 15488 157 42234 16571 10472 218 45969 16009 9314 
4.96 125 39303 15922 14038 0 42511 15038 10778 164 40242 20079 13047 
5.96 141 30355 21566 19748 119 30368 15809 11144 125 32924 17787 12536 
6.96 115 29053 15641 14361 0 27932 15178 11479 222 31435 22650 16607 
9.96 121 28606 22573 20964 0 20988 12328 9132 0 21060 16671 12505 
11.96 111 23919 23410 20831 449 18471 15252 10839 0 8413 7838 5662 
13.96 0 19748 19810 17891 0 5633 5579 505 144 24606 27290 20396 
17.96 0 23203 34055 25719 125 22927 57398 23035 126 30796 34971 24051 
18.96 137 25378 38673 27195 127 25242 56217 19492 0 29865 20839 14480 
20.96 367 19887 50992 27297 0 14353 77471 19781 159 24758 35379 21505 
23.96 0 11648 76816 23154 0 8371 59738 12103 0 14774 36103 16337 
25.96 0 9325 84624 20280 0 12699 79205 13995 0 12700 72972 18337 
28.00 0 9685 79351 14718 0 8973 71118 11475 0 8406 74785 13116 
31.13 111 5088 89825 16375 0 7472 82572 13097 301 12673 77886 15945 
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Time 
[d] 
Gas Chromatography Integrated Peaks (C3) 
C3α C3β C3γ 
H2 N2 CH4 CO2 H2 N2 CH4 CO2 H2 N2 CH4 CO2 
3.17 248 48062 13280 8851 374 51564 12438 566 481 49558 14473 468 
4.00 151 44744 17651 12347 270 46010 18197 10010 172 46328 16627 10013 
4.96 190 40243 21001 15429 189 40033 19700 12817 184 39546 19158 12641 
5.96 140 31690 17007 13161 126 33744 19176 12904 0 26149 11294 7741 
6.96 102 37766 18974 15372 128 31241 19265 13849 0 32907 17870 13046 
9.96 0 6883 5319 521 174 32720 22568 16694 128 30831 24052 16668 
11.96 189 20693 17930 13778 0 20498 18472 13770 103 23341 22998 15223 
13.96 143 27789 27602 21176 0 20217 0 484 116 23310 24576 15493 
17.96 132 32944 36511 23506 197 29625 36186 26017 122 24225 57819 23682 
18.96 108 26230 39324 24806 108 31579 30641 21798 0 18550 55423 19380 
20.96 101 20061 43935 22782 0 27462 37126 21238 124 16137 77993 19964 
23.96 0 11742 60317 17164 0 19320 38329 13664 0 10523 57205 11398 
25.96 0 8563 27904 6074 0 24298 45843 12814 0 8227 50401 8412 
28.00 0 9463 56002 10444 195 18213 72595 15005 0 2160 56247 481 
31.13 0 2404 34649 582 0 6133 49738 8406 0 8524 58601 9356 
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Time 
[d] 
Gas Chromatography Integrated Peaks (S1) 
S1α S1β S1γ 
H2 N2 CH4 CO2 H2 N2 CH4 CO2 H2 N2 CH4 CO2 
3.17 245 48260 12749 12216 615 52907 12315 490 651 55216 10772 549 
4.00 295 40155 16209 14249 202 45511 14209 7998 277 49217 15931 9794 
4.96 137 34078 17147 16702 147 39851 18539 11934 225 41104 17108 12284 
5.96 117 28504 17103 16565 176 31344 16415 10863 182 35010 18395 14775 
6.96 118 29655 19342 19246 0 6344 3515 491 142 32948 18857 15734 
9.96 101 29467 19042 18702 152 24388 18619 13558 123 31729 20815 17166 
11.96 0 16512 16489 15854 116 21843 20514 14516 0 14499 12912 9725 
13.96 0 14212 14196 13365 449 17940 20556 13750 197 24296 24430 18919 
17.96 137 24984 31473 27780 0 23223 52532 22334 129 28289 35275 24860 
18.96 126 27409 30334 25725 0 24168 61354 22549 144 30870 36846 25370 
20.96 166 22513 29541 22566 116 13970 77062 20150 101 25684 36902 23423 
23.96 0 19450 26827 16054 0 8999 88001 18521 0 14067 34524 11972 
25.96 0 23340 52047 18418 0 12367 79563 14716 0 16714 70253 14282 
28.00 0 7441 54301 11833 0 5734 27798 514 0 11960 52362 9492 
31.13 0 10009 64104 12626 0 6349 66894 10653 0 1744 16364 565 
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Time 
[d] 
Gas Chromatography Integrated Peaks (S2) 
S2α S2β S2γ 
H2 N2 CH4 CO2 H2 N2 CH4 CO2 H2 N2 CH4 CO2 
3.17 300 46921 12145 11314 550 51141 9714 493 0 4004 872 437 
4.00 313 42558 15757 14396 400 47241 16757 9615 408 43138 17663 9355 
4.96 192 35057 17589 16910 213 38694 17437 10959 168 29563 13423 8171 
5.96 140 34741 19000 18464 249 34485 19740 13487 217 38850 23505 15565 
6.96 101 25384 14979 15086 165 35739 19520 13781 0 10473 7196 551 
9.96 152 28995 22602 21580 0 23223 17474 12444 0 10895 8003 5450 
11.96 120 20694 17517 16337 0 6940 6279 4273 231 23175 21364 15006 
13.96 110 19217 19904 17795 608 26771 19546 13577 135 16553 18482 12459 
17.96 0 22897 51373 26873 119 36827 33845 20127 143 27327 43580 22364 
18.96 102 15364 54361 23881 103 28398 39241 22755 127 39446 35751 16653 
20.96 102 11602 71557 21091 145 15111 22586 11577 154 12664 38227 13301 
23.96 0 15198 79986 17833 0 14536 61792 18481 0 18239 74370 18119 
25.96 0 5227 69071 13857 0 17329 55384 13586 0 12499 74317 15043 
28.00 0 2873 45743 8387 0 10523 53815 10447 0 10845 97363 15949 
31.13 0 10231 63466 11397 0 4574 63603 10774 0 7487 75429 12286 
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Time 
[d] 
Gas Chromatography Integrated Peaks (S3) 
S3α S3β S3γ 
H2 N2 CH4 CO2 H2 N2 CH4 CO2 H2 N2 CH4 CO2 
3.17 358 54153 8212 8707 1314 53738 12362 568 1150 56622 13994 505 
4.00 1350 42806 16211 11742 1582 44449 20586 8994 1360 46043 19849 9080 
4.96 643 35542 22099 14935 722 36841 25917 12594 444 34714 23727 11613 
5.96 394 32283 25521 17789 277 33257 29984 15286 187 38356 27016 14160 
6.96 0 2595 2735 510 121 23469 22184 11842 0 17287 15571 8759 
9.96 146 22634 26475 19173 0 23495 23994 13371 222 33676 24185 14285 
11.96 0 12297 17636 13033 108 19477 25774 14943 0 4302 5297 488 
13.96 0 12881 15186 11281 404 16284 13436 7981 136 30105 21944 13861 
17.96 0 31205 34663 26218 158 25465 39092 23096 570 31875 42725 26712 
18.96 0 29219 28296 21637 133 26751 36263 20980 224 30580 39255 24680 
20.96 0 19177 28278 20856 0 20579 28595 17195 215 27489 38131 23758 
23.96 174 21677 28249 19458 0 23278 32435 17921 190 25560 24515 15081 
25.96 0 12132 33444 18207 0 21619 47886 19482 120 19485 29592 18680 
28.00 0 8350 52188 15680 0 7174 48793 11050 0 12901 18773 10384 
31.13 0 9451 71624 12975 0 4838 61536 10265 0 3043 10300 361 
 
 
